theoretical studies of intergranular strain in an alpha titanium alloy during plastic deformation. Acta Materialia, Elsevier, 2013, 61 (15), pp.5779-5790. 10.1016/j.actamat.2013 Experimental and theoretical studies of intergranular strain in an alpha titanium alloy during plastic deformation Two complementary methods were used to analyse the deformation mechanisms involved in the plasticity of commercially pure titanium during compressive loading: neutron diffraction and the self-consistent model. The strain response of 15 crystallographic planes was tracked during the measurement, in directions both parallel and transverse to the straining direction, providing new insight into the mechanical behaviour of the polycrystal. The neutron diffraction results show evidence of tensile twins in the titanium alloy studied. The twin volume fraction was determined from the change in crystallographic texture. The influence and the role of plastic anisotropy were also studied and explained in this work. Good agreement was found between the experimental and predicted results.
Introduction
Titanium has a low density, high resistance to corrosion and a high strength-to-density ratio as well as other attractive mechanical properties. These properties have increased its use in chemical plant construction as well as aerospace technology. Titanium alloys (a-phase) have a hexagonal close packed (hcp) structure at room temperature. Like most hcp metals, they are anisotropic in their properties at mesoscopic (grain) and macroscopic levels [1, 2] . Consequently, it is essential to understand the mechanisms responsible for the creation and evolution of internal stresses (or internal elastic strains), because their influence on the mechanical performance of the material is generally important. These properties and the crystallographic texture explain the appearance and development of important internal stresses when an elastoplastic deformation is introduced. These stresses are termed intergranular or secondorder stresses and strongly depend on initial and induced crystallographic textures. The engineering consequences of second-order stresses with strong texture could be severe [3] .
Optimization of metal forming processes therefore requires proper knowledge of the evolution of the material anisotropic elastoplastic behaviour during plastic deformation. The modelling of the plastic deformation of metallic polycrystal can be carried out by deductive methods based on strain mechanisms and scale transition methods such as self-consistent (SC) models [4] [5] [6] . The micromechanical modelling seems to be particularly well suited to describe material evolution during deformation processes. Polycrystal models are typically evaluated by their ability to simulate the mechanical behaviour. In the case of small deformations (typically <10%), the texture development is minimal (when slip modes are dominant) and cannot serve as a way of assessing the model predictions. However, the model can be evaluated on a much more specific micromechanical level using the technique of lattice strain characterization by diffraction techniques (X-ray or/and neutron). They provide the possibility to determine the elastic lattice strain in selected grain subsets within the polycrystal as a function of the applied load. Such results can be directly compared with model predictions of volume average elastic lattice strains in selected diffracting grain subsets. In this case, the different material parameters (hardening matrix, critical resolved shear stresses (CRSS)) can be found by fitting the macroscopic loading curves and then validated with diffraction results. This capacity to measure intergranular strains provides a relevant experimental tool for understanding how intergranular strains are generated. Moreover, diffraction data offer a rigorous test for the models at a microscopic level [7] [8] [9] .
In opposition to cubic alloys, hexagonal materials, such as zirconium and titanium alloys (with a c/a ratio <1.633), are characterized by a large variety of possible deformation systems: prismatic glide f1 0 1 0gh1 1 2 0i is reported to be the main active deformation mode [1, 10, 11] . Pyramidal hc + ai slip f1 0 1 1gh1 1 2 3i, basal slip f0 0 0 2gh1 1 2 0i and pyramidal hai f1 0 1 1gh1 1 2 0i are generally presented as secondary slip modes [11] [12] [13] [14] more or less activated according to grain size, crystal orientation and material composition. At room temperature, twinning has also been observed in titanium samples [15] [16] [17] . Twinning of f1 0 1 2g and f1 1 2 1g types are expected in extension along the hci axis, whereas twinning of f1 1 2 2g and f1 0 1 1g types are expected in compression along the hci axis. Plastic deformation of titanium alloys is accommodated by a complex mixture of crystallographic slip and deformation twinning. It is difficult to identify the role played by the different deformation mechanisms in the overall behaviour. It is necessary to know both texture and deformation mechanisms to be able to model these mechanical properties. This requires, in particular, a proper knowledge of the deformation mechanisms with their corresponding CRSS. Few data on CRSS are available in the literature. Moreover, the CRSS generally depend significantly on the contents of alloying elements. It is still unclear which are the deformation systems actually activated in a polycrystal during straining.
In the present work, a complete study concerning the development and the evolution of internal strains under mechanical loading in a polycrystalline textured alpha titanium was made. Neutron diffraction techniques (constant wavelength and time-of-flight) in combination with a modified elastoplastic self-consistent (EPSC) model were used to interpret the lattice strain development and to deduce the main active deformation modes during uniaxial compression down to À8%. To understand how internal strains evolve in several directions for textured material, it is necessary to obtain a large data set concerning the behaviour of a grain group from a representative volume of the material under loading conditions. Measurements of lattice strains in directions both parallel and transverse to the loading axis were made. To characterize with accuracy the plastic anisotropy at the mesoscopic level, diffraction data were collected over 15 different {hk.l} reflections at various load levels. This provided a comprehensive data set to test the scale transition model developed for this study.
A modification concerning the selection of active slip systems was made for the present model, and a different formulation of the crystal plasticity was applied. This algorithm is much faster and resolves the problem of ambiguous selection of slip systems. The theoretical strains are compared with the experimental results obtained by neutron diffraction. The results predicted by the SC model are discussed. In particular, twinning mode is treated as a directional deformation system, and the reorientation by slip and twinning is taken into account in the calculations.
Experimental details

Experimental procedure
The material investigated is a commercially pure a-titanium (CP-Ti). Its chemical composition is C(0.07), N(0.008), O(0.12), H(0.0013), balance Ti (wt.%). Conventional metallography revealed a nearly equiaxed grain size of 50 lm. Compression samples were taken from the parent bar. The samples were 8 mm in diameter and 14 mm in height. They were tested using the SALSA monochromatic neutron diffraction strain scanning instrument at the ILL neutron source in Grenoble, France (incident beam wavelength 1.648 Å ) [18] . A two-dimensional position-sensitive detector with an angular opening of $5°is typically mounted on the SALSA. A horizontal load frame with a 50 kN capacity is used to perform in situ measurements of lattice strains during uniaxial compression. The system was placed on the sample table, a six-axis robotic Stewart platform (hexapod). The load frame was rotated in such a way that the loading axis was parallel to the scattering vector, i.e., bisecting the angle between the incident and the diffracted beam, making available the measurement of lattice strains in the loading direction (denoted LD). A gauge volume of $3 Â 3 Â 3 mm 3 including beam divergence was defined by the primary and secondary instrument slits. The macroscopic strain was determined concurrently using an extensometer that spanned the irradiated region. Raw data were analysed using the LAMP software [19] allowing the peak parameters to be obtained for each reflection. In particular, peak positions were determined by fitting the experimental data by a Gaussian function with a linear background.
Additional neutron diffraction measurements were performed on the ENGIN-X beamline at the ISIS facility, Rutherford Appleton Laboratory (Didcot, UK) [20] , using a 50 kN Instron testing machine. Briefly, the ENGIN-X instrument presents a horizontal loading axis positioned at 45°to the incident beam. Two detector banks are set up horizontally and at angles ±90°to the incident beam, allowing simultaneous measurements of lattice strains in both parallel (LD) and perpendicular (transverse direction, TD) directions to the applied load, in the opposing 90°d etector banks (Fig. 1) . The time-of-flight technique enables collection of an entire diffraction pattern (effective d-spacing range from 0.88 to 2.63 Å ) in each detector simultaneously, owing to the specificity of the neutron beam. The detector banks cover ± 14°in the horizontal plane and ±21°in the vertical plane [20] .
The gauge volume was 4 Â 4 Â 4 mm 3 , and the recording time was taken over 43 min for each measurement at a given macroscopic strain. Macroscopic strain was monitored on the sample using a clip gauge. Single peak fitting was performed using the Open Genie code [21] .
A series of increasing uniaxial compressive loads were applied. To avoid the strain relaxation owing to the creep behaviour at room temperature, in the plastic regime, samples were first deformed to the desired macroscopic strain and then immediately unloaded, studying just the residual strains remaining after a given increment of plastic deformation, at zero applied load (Fig. 2) .
For each peak analysed, the elastic strain heðhk:lÞi V d of a group of grains with a common {hk.l} plane-normal parallel to the diffraction vector can be found from the measured lattice spacing hdðhk:lÞi V d and a reference lattice spacing d 0 (hk.l) using the following expression:
The reference point for this calculation is the initial measured d 0 (hk.l) for each lattice plane before deformation of the material. h i Vd is the average over diffracting grains for the {hk.l} reflection considered. Lattice strains presented in this work are given as micro-strain (le, units of 10 À6 ). One should notice that the lattice spacing corresponding to each measured {hk.l} diffraction peak represents a distribution of interplanar spacings of {hk.l} planes within a subset of grains having a {hk.l} plane-normal parallel to the diffraction direction, either the LD (denoted {hk.l} // ) or the TD (denoted {hk.l} \ ). Eq. (1) allows the determination of an average elastic strain within this set of grains (and not within an individual grain or orientation). The error bars on the different plots reflect experimental uncertainties in establishing the diffraction peak positions.
Strains measurements were performed on 15 plane families: {10.0}, {00.2}, {10.1}, {10.2}, {11.0}, {10.3}, {11.2}, {20.1}, {20.3}, {21.0}, {21.1}, {11.4}, {21.2}, {10.4}, {10.5}. Only results from first-order peaks are reported. The {20.0}, {00.4} and {20.2} measured lattice strains are the same as those of the {10.0}, {00.2} and {10.1}, respectively, with lower intensity, and thus are not reported in the following because of the initial texture, the set of peaks is not the same for the two detector banks (Fig. 6 ).
Texture development: activity of tensile twinning
Texture measurements were performed with the GEM beamline at the ISIS facility. Detailed information about the instrument and the technique used to determine the texture can be found in Refs. [22] and [23] . Fig. 3a shows the initial texture. The samples have a strong asymmetric texture in the ND-TD (ND, normal direction) plane with the majority of grains with their basal normal close to the TD and perpendicular to the loading axis (LD). The experimental {00.2} and {10.0} pole figures (PF) are shown in Fig. 3b after À6% deformation. One could observe the formation of a basal component along the straining direction. This reorientation of the {00.2} poles from the TD to the straining direction is associated with deformation twinning. Actually, the activation of tensile twinning produces a $85°reorientation of the basal poles [24] . Therefore, compressive loading along the LD with the hci axis close to the TD reorients the hci axis of the grains undergoing deformation twinning towards the LD. In order to quantitatively determine the twin volume fraction, the difference {002} PF between the as-received sample and that loaded to a total of À6% strain may be integrated over a sub-space associated with the twin component [25] . Based on the previous observations obtained in Fig. 3 , an area within 35°of the straining direction was chosen. Then, the total twin volume fraction after À6% strain is 0.16.
The instrument geometry (associated with the time-offlight beam) used with the strong basal texture and sample orientation is particularly suitable for investigating the propagation of deformation tensile twinning. It was shown for Mg and Zr alloys [26, 27] that there is a direct correlation between the measured diffraction intensity variations and the appearance of twins. Owing to the texture of the as-received sample, the initial intensity of the {00.2} \ peak is higher in the transversal detector Q \ , while the {10.0} \ peak intensity has a lower intensity (Fig. 4) . In contrast, the {002} // reflection is quasi-absent in the initial longitudinal diffraction pattern, unlike the diffraction peaks from prism planes {10.0} // and (11.0} // . With macroscopic deformation, as shown in Fig. 4 , an increase in the {00.2} // diffraction peak intensity is observed with a concurrent decrease in the {10.0} // peak; this reflects a change in the grain volume fraction diffracting into the axial detector bank. The opposite behaviour is observed in the transversal detector. The tensile twinning mode results in an exchange of {00.2} peak intensity from the transversal (corresponding to the parent grains, i.e., grains undergoing twinning) to the longitudinal detector bank (corresponding to the newly twin grain families) with a nearly 90°reorientation of the crystal lattice, which can be seen owing to the wide acceptance of the detectors. Fig. 5 shows the relative intensity changes in different diffraction peaks in the Q // and Q \ detectors as a function of the applied compressive strain. To detect the onset of the twinning process, it can be easy to observe the intensity changes with {kk.l} orientations that are initially weak, i.e., the {00.2} // and {10.0} \ grains corresponding to the newly twin grains. It is clear that the intensity remains approximately constant down to a total of À1.5% total strain for both {00.2} // and {10.0} \ .
Beyond this strain value, the {00.2} // and {10.0} \ intensities increase significantly, pointing out the onset of twinning. For {hk.l} reflections corresponding to the parent grain families, {10.0} // , {20.1} // , {11.0} // , {21.1} // , the intensity evolution is naturally opposite to what is observed in twin grain orientations. For these reflections, the onset of twinning is difficult to discern. The initial intensity changes are less obvious. When the twinning mode is activated, only a small fraction of the parent grains are concerned at the beginning and it is difficult to observe precisely such a small reduction in peak intensity from prism planes associated with higher initial diffraction intensity (Fig. 4) . Nevertheless, it could be noted that the {20.1} // intensity decreased significantly at the same rate as the {10.0} // reflection, followed by the {21.1} // and {11.0} // orientations. This reflects clearly some twinning activity in these grains, which are favourably oriented for the tensile twinning mode (the Schmid factors are: m {10.0}// = 0.5, m {20.1}// = 0.45, m {21.1}// = 0.42, m {11.0}// = 0.39).
Self-consistent modelling
Model description
The principles for using the SC model to predict elastoplastic deformation were proposed by Krö ner and Hill [28, 29] . In the present work, the model developed in Refs. [4] and [30] is used. Refs. [31] and [32] present a more detailed description of the EPSC model. Each grain is assumed to have the form of an ellipsoidal inclusion in a homogeneous effective medium, whose properties are the average of all the other grains in the assembly. The measured initial texture was used as the input to the EPSC model: the polycrystal is represented by a weighted discrete distribution (2100 grains) of orientations (Euler angles (u 1 , /, u 2 )). Lattice rotations (reorientation by slip and twinning) and texture changes are included in the model.
The principal modification, which is briefly discussed here, concerns the selection of active slip systems. This algorithm is much faster and resolves the problem of the ambiguous selection of slip systems. The plastic flow can take place in a grain when the Schmid criterion is verified, i.e., slip (or twinning) occurs if the resolved shear stress s g on a system g is equal to the critical value s g c , depending on the hardening state of the slip system. This condition is necessary, but is insufficient. Thus, the complementary condition stating that the increment of the resolved shear stress must be equal to the incremental rate of the CRSS has to be checked simultaneously. The resolved shear stress is defined as the projection of the mesoscopic stress tensor r II on the considered deformation system. In small strain formulation, one has
where R g is the Schmid tensor on a system g. A:B denotes the double scalar product A ijkl B klmn using the Einstein summation convention.
The main problem is to determine which combination of deformation systems will actually be activated at each step of the plastic deformation path. Therefore, all possible combinations of potentially active systems must be scanned to find one that satisfies the two previous conditions (Eq. (2)) simultaneously. Because this must be done in a large deformation framework, running time considerations become one of the main problems of the model. Moreover, this method can give several equivalent solutions for some hardening matrices [33] . Franz et al. [34, 35] proposed a new formulation to determine the slip system activity in the elastoplastic regime. The accuracy of the simulations was also evaluated at the meso-and macroscopic levels by referring to mechanical experiments (tensile tests, neutron diffraction) [36] . It should be noticed that the "classic" EPSC model and the modified one give similar results: the main active systems, predicted texture and residual strains are similar. Based on Refs. [34] and [35] , the slip rate on a system g can be expressed by the following equation: The slip rate is linked to the resolved shear stress rate through a function M g . The hardening parameter M g is given by [34] 
where k 0 is a numerical parameter. H gg is the self-hardening parameter defined in Eq. (10) . The hyperbolic tangent function was tested and used because it allows the mechanical and hardening behaviours to be reproduced. The slip rate can be written as
If an additive decomposition of strain rate _ e II on elastic and plastic parts is used:
Using the usual generalized Hooke's law and Eq. (5), the slip rate on a system g becomes
The plastic strain rate _ e IIp is related to the tensor R g and the slip rate _ c g in system g by the expression
With Eqs. (6)- (8), one obtains, after calculations, the following relation:
It is usual to introduce a hardening matrix H gh to describe the evolution of CRSS rate in a system g as a function of the plastic slip (or twinning) on the other systems:
With relations (6), (9) and (10) and the usual generalized Hooke's law, the constitutive elastoplastic relationship for the single crystal can be deduced:
where l is the tensor of the elastoplastic tangent moduli of the single crystal.
The relation between the stress rate _ r I and the strain rate _ e I can be written for the macro-scale as follows:
where L is the macroscopic tangent modulus for the fictional average homogeneous medium. The local strain and stress rates can be obtained classically through the localization A and concentration B tensors:
where Dl ¼ l À L. S esh is the Eshelby tensor. The volume averages of the local stress and strain tensors must coincide with the overall strain and stress. After some algebraic calculations, these conditions give the overall elastoplastic tensor L as a weighted average of the mesoscopic tensor l:
Eq. (15) is a non-linear implicit equation, because S esh depends on the unknown L in the framework of EPSC theory. The Eshelby tensor is calculated by an integral equation [31] , which takes the plastic anisotropy fully into account. This equation is solved iteratively.
Concerning the incorporation of twinning, the current EPSC approach uses the same condition for twin activation as for slip activation. Assuming that the twinning plane normal vector and the shear direction vector corresponding to the twinning are equivalent to the slip plane normal and the slip direction vectors, respectively, they are incorporated into the plasticity model. The shear strain rate induced by twinning is calculated in the same manner as that for slip deformation. When twin systems become active, the orientation of the twinned grain is calculated from the crystallographic relationship between the parent and the twin. The effective volume fraction for a twin system g for a grain is given by:
where S is the characteristic twin shear, and _ c g is the shear strain for the twin system g. f i is the weight of the grain I, which corresponds to the volume fraction of the grain in the aggregate. When twinning is active, the fraction of the grain that reorients is transferred to the corresponding grain that has the closet orientation in Euler space and added to the fraction already assigned to this grain. The number of grains is kept unchanged throughout the analysis. It should be noticed that 2100 orientations with suitable weights were chosen randomly from the experimental ODF. No region in orientation space is totally ignored with this discretization technique.
This twinning model does not account for the local stress relaxation due to twinning. It only can provide some degree of stress relaxation in the parent grains. This point is discussed in Section 4.
Once L is known, by specifying an overall stress or strain increment, the rate of strain at the grain level _ e II can be determined, and other variables characterizing grain evolution and depending on _ e II can be calculated. The calculations are performed up to a given total strain e I and then, an elastic unloading of the sample is performed in the last step ðr I ! 0Þ. The mesoscopic elastic strain tensor e IIe is determined for each grain when r I = 0. Then, heðhk:lÞ V d i is calculated for each analysed plane and compared with experimental data obtained by neutron diffraction. A subset of the total population of grains used in the EPSC model is identified for each diffracting family defined by the condition of having an (hk.l) plane lying within ±14°( corresponding to the horizontal plane defined in Section 2.1) and ±21°(i.e., the vertical plane) of the loading axis or perpendicular to it. These are the grains that would contribute to a diffraction measurement of strain in that direction, and an average over each subset of the strains across the diffracting plane is compared with the neutron results.
Data used in the simulations
The single crystal elastic constants used in this model are: c 11 = c 22 = 162.4 GPa, c 12 = 92 GPa, c 13 = 69 GPa and c 44 = 46.7 GPa [37] . The k 0 value (Eq. (4)) is determined by comparing with a "classic" EPSC model under monotonic deformation (in terms of main active deformations systems, crystal reorientation). For all simulations, k 0 is equal to 25. The initial CRSS are taken as identical for all systems of a system type. The deformation systems introduced in the model are assumed to be: prismatic slip denoted prhai, pyramidal slip (pyrhc + ai and pyrhai), basal slip (bashai) and f1 0 1 2g twinning (ttw). Without assumption, there are a large number of material parameters, five CRSS and 841 (=29 Â 29) elements in the H gh matrix (Eq. (10)), that need to be specified.
In order to obtain a tractable description of the crystal hardening (and to explore the feasible parameters), the following simple form is assumed for the hardening matrix: H gh = qH hh . Owing to a lack of relevant data on the nature of latent hardening in titanium alloys, the interactions between different deformation modes are described by a very simple law. The factor q determines the degree of latent hardening: q = 0 provides only self-hardening, and q > 1 provides stronger latent hardening than self-hardening. q is taken to be constant and fixed to a value of q = 1.3 for the simulations. In the present calculation, the constant value of H gg (for a given deformation mode g) and q assumed for the plastic deformation lead to the linear hardening law.
This study uses a single set of material parameters to describe the entire data set (the macroscopic stress-strain curve and the residual elastic strains measured for the different grain families) under compression and all in two principal directions.
The macroscopic yield strength and the curvature of the elastic-plastic transition during compression tests was used as the fitting criteria to determine the value of the CRSS and the self-hardening for prhai. Based on the experimental results obtained in Section 2.2, the values for the twin hardening parameter were established by fitting the measured twin volume fraction experimentally found at À6% macroscopic strain, and the value of CRSS is chosen to activate tensile twinning at around À1.5% total strain.
Concerning pyrhc + ai, pyrhai and bashai, it is difficult to identify, a priori, the role played by the different deformation mechanisms in the overall behaviour. The lack of sufficient knowledge regarding values of hardening parameters appropriate for deformation modes constitutes a difficulty for performing polycrystalline modelling. To circumvent this difficulty, each deformation mode was applied independently within the EPSC model, in order to examine its effect on the strain accumulation. Based on the previous analysis, prhai and ttw were naturally invoked in all the performed simulations. The effect of combining two and three systems was also examined with different sets of material parameters (CRSS, hardening matrix) to give optimum agreement between the measured and predicted results. Finally, the best agreement was found with the values given in Table 1 . Fig. 2 shows the comparison between the measured and predicted stress-strain curves in compression. The experimental yield stress is $À195 MPa (À0.19% total strain). The predicted and measured plastic slopes are identical down to À8%. The calculated Young's modulus (106 GPa) coincides well with the experimental one (104 ± 3 GPa). The model captures the observed flow curve with excellent agreement.
Results and discussion
The development of the elastic strains in different grain orientations can be used as a useful and sensitive sensor of plasticity. Before discussion of the results, it may be useful to remind the origin of the residual intergranular strains [27, 38] . When a polycrystalline aggregate is submitted to a uniaxial loading, in the elastic region, the lattice strains develop linearly with load up to the point of micro yielding. Owing to their inherent elastic anisotropy and their orientation, there is a difference in the elastic response for each grain family (i.e., all grains with a particular {hkil} planes perpendicular to the scattering vector Q for the given detector bank). When plastic deformation occurs, slip activity is initiated in certain grains similarly orientated. The imposed deformation is plastically accommodated, and these grains carry less load. In other words, the external load is redistributed from plastically softer grain families towards plastically harder grain families. This behaviour results in a deviation in the lattice strain linear response to the applied load. With increasing load, the lattice strain evolution is characterized by several inflexions, reflecting the changes in the load shared among diverse orientations as different deformation modes activate. At the end of the test, the release of the applied load gives rise to residual lattice strains as shown in Fig. 6 . The development of the longitudinal (transversal) elastic strains after unloading is shown in Fig. 6a (Fig. 6b) for all the studied {hk.l} reflections. These neutron measurements clearly show the effective existence of plastic anisotropy. As Eq. (3) shows, the analysed lattice strain depends on a function of the analysed planes family. Strain incompatibilities are present at the mesoscopic level in the material. Consequently, the strains obtained by neutron diffraction depend on the plane considered. The diffracting crystals are not the same for each case, and this allows one to deduce that different and important intergranular strains exist, coupled with a strong plastic anisotropic deformation for these plane families.
The longitudinal lattice strains were measured using the ENGIN-X and SALSA spectrometers. For the transverse lattice strains, owing to the allocated neutron beam time limitations, the experiment was only performed on the ENGIN-X beamline at the ISIS facility.
Concerning the longitudinal lattice strains, similar values are observed between the two measured data sets except for {11.2} // . With the TOF diffraction measurements, compressive residual intergranular strains ($À500 le) are observed, whereas the {11.2} // orientation, with the SALSA beamline shows residual strain values ranging from À31 to À131 le. Despite this difference, a similar trend is observed for this orientation, which accumulates a compressive strain. In this particular case, the diffraction averaging over different detector areas on ENGIN-X (28 Â 42°ENGIN-X detector windows) and on SALSA (5 Â 5°) does not appear to be a significant factor in the evolution of lattice strain.
There is an interesting observation of the experiment about the {00.2} // orientation. This peak develops significant compressive residual lattice strain ($À2000 le) during the first À1% of total strain. This indicates that the {00.2} // grains support a larger fraction of each stress increment after plasticity. This is expected, since these grains are poorly orientated for the soft hai slip modes. Similar behaviour can be seen in {10.3} // , {11.4} // and {10.2} // orientations, although the lattice strains are smaller: À1500, À1100 and À875 le, respectively. These grain families correspond to orientations measured nearest to the {00.2} // one (the angles from basal plane are equal to 31°, 42°a nd 42°, respectively). Fig. 6a shows that, after compressive loading, significant positive residual strains develop in the {10.0} // and {21.0} // grains (765 le and 1000 le, respectively, at À7.75% of total strain). A similar trend, with smaller strain values, is observed for the {20.1} // (535 le), {11.0} // (372 le) and {21.1} // (255 le) orientations. Fig. 6 shows the measured and modelled lattice response in grains with {hk.l} plane-normal parallel and perpendicular to the applied stress in compression. Fig. 6a shows that the model predictions of the residual strains parallel to the tensile axis are fairly accurate for the 13 studied reflections in terms of trend and magnitude. The use of the EPSC model allows an explanation of the origin of these residual strains.
In the simulations, the {10.0} // , {11.0} // and {21.0} // grains yield first at À155 MPa, linked to the activation of prismatic slip, which has the lowest CRSS with the highest Schmid factor for these orientations. They undergo plastic deformation below the macroscopic yield stress ($À195 MPa). A significant decrease in their lattice strain is observed with a departure from linearity of the lattice strain response to the applied load. At the same time, a dramatic increase in the lattice strain of the {0002} // , {10.3} // , {11.4} // and {10.2} // orientations is detected in comparison with their initial linear slopes. This indicates that the grains of the {0002} // family bear more stress, while the grains of the {10.0} // , {11.0} // and {21.0} // families bear relatively less stress. With further increase in applied stress, the load is then transferred to other unyielded orientations. This can be explained by the large prismatic activity and weak pyramidal hc + ai and/or twinning activities <À1% strain. The former system accommodates deformation perpendicular to the hci axis, and the latter systems accommodate deformation along the hci axis. If pyramidal hc + ai and/or twinning are not active, more elastic strain accumulates along the hci axis.
Focusing again on the {00.2} // grains, a pronounced strain relief is observed in these grain families (grains compressed parallel to their hci axis) at a prestrain of $À1%: the corresponding lattice strain increases from $À2000 le to $À1150 le at $À3% total strain. This sudden lattice strain relief in the {00.2} // grains goes with an increase in the {00.2} // diffraction peak intensity and a concurrent decrease in the {10.0} // diffraction peak intensity (see Section 2.2). These observations signal the onset of tensile twinning. The strain measured by neutron diffraction is an average over the initially present {00.2} // grains and the newly twin grains. This reduction in the magnitude of the compressive strain can be explained by the fact that the twin grains contribute mainly to the diffraction peak response, owing to the lack of initial {00.2} // grains. These newly reoriented grains with lower lattice strain begin to contribute to the neutron averaging and reverse the average {00.2} // strain.
It should be noted at this point that the twinning mode is treated in the model in the same way as plastic slip, with twins characterized by their plane, direction with a CRSS and a hardening description. The present model is only rigorously applicable if slip is the main deformation mode. It is inappropriate for cases where twinning accommodates a major fraction of the strain.
The present approach includes only the reorientation of the twinned domain and its effect on texture, but it does not take into account stress relaxation and the resulting stress state of the twin or any changes in constraint due to the presence of a twin boundary. Despite this simplistic approach, the model provides further relaxation modes in the parent grains.
The model predicts the yielding of {10.2} // grains at À258 MPa (À0.4% total strain) induced by the activation of bashai slip. With higher macroscopic stress, pyrhai has significant activity. The {10.3} // grains are predicted to yield at À290 MPa caused by pyrhc + ai and bashai slips. At the same time, the {00.2} // orientations continue to accumulate compressive strains, and these later develop large compressive strains and finally yield at À320 MPa, corresponding to the beginning of pyrhc + ai slip. At the end of the compressive test, these planes have different residual compressive strains, owing to the different plastic activity occurring in these different orientations, and the present EPSC model captures this trend correctly.
Surprisingly, the {00.2} // strains are very well reproduced by the pyrhc + ai slip. As mentioned previously, the sharp reduction in the magnitude of the residual lattice strain in these grains is linked to twin activity [8, 39] . Nevertheless, pyrhc + ai is a competing mode in accommodating the strain along the hci axis. Thus, the simulations indicate that the simultaneous operation of both ttw and pyrhc + ai deformations modes is possible, with probably a predominant activity of tensile twin. In a recent work, Warwick et al. [40] used neutron diffraction to evaluate the evolution of lattice strains during compressive and tensile loadings of commercially pure titanium. The EPSC model used in this study accounts for the activation and relaxation due to twinning [39] . The sharp reduction in the magnitude of the compressive residual strain in the basal orientations for the compressed sample is reproduced by their model, and it is explained by the twin activity and the associated strain relaxation.
It can therefore be concluded that, while the current model deals well with the complexities of multiple slip modes, improvement in the twinning model is necessary for further work.
In the TD, the model accurately predicts the evolution of lattice strains in the majority of the 12 orientations studied. Nevertheless, some discrepancies are observed. For the {00.2} \ orientation, the model captures the tensile state, although the final state is overestimated by $500 le, probably due to a lack of stress relaxation description in the grains concerning by twin activity. For the {10.2} \ and {11.2} \ grains, the predictions are fairly accurate until $À3%, but fail to reproduce in magnitude the mechanical behaviour, even if they reproduce well the compressive strain in these orientations.
The residual lattice strains are also over-predicted in {10.3} \ : very small experimental strains are recorded in this orientation, which is not predicted by the model after À3% total strain. Perpendicularly to the tensile axis, the discrepancies between model calculations and measurements are more pronounced than in the {hk.l} // grains. This observation has already been made for the EPSC model [41] . The {hk.l} // orientations involve only similarly oriented grains in respect of the LD and are thus not so sensitive to slight variations in the representation of the crystallographic texture contrary to {hk.l} \ grains. Despite these discrepancies, the model appears to reproduce correctly the main features of the lattice strain responses in the TD. Fig. 7 shows plots of residual lattice strain vs. the orientation parameter H 2 in the longitudinal and transversal directions at À3.16%. H 2 represents the cosine of the angle between the prismatic {10.0} plane and the basal {00.2} plane.
A definite trend exists in the residual strain as a function of H 2 , the details differ between the two directions. Along the longitudinal direction, the residual strains decrease monotonically from the {10.0} pole (407 le) to the {00.2} pole (À1146 le) with tensile strain for the lowest value of H 2 and compressive strains for H 2 > 0.2. In contrast, in the TD, the opposite behaviour is logically observed with compressive strains for H 2 < 0.8 and tensile values for higher values of H 2 . At this strain level, the simulation gives very good agreement with the experimental results in trend and magnitude and also captures the change in lattice strains from tension to compression, whatever the direction. At this value of macroscopic deformation, the proportions of activated systems are: 50% for prismatic mode; 11% for pyramidal hc + ai; 24% for pyramidal hai; 10% for basal slip; and 5% for tensile twinning. Plotting the corresponding evolution of the relative activities of the deformation modes (Fig. 8) , it is clear that the crystallographic slip is the dominant mechanism of plastic deformation. Prismatic slip is always the primary mode, while pyramidal hc + ai slip is the next (39 and 22%, respectively, at À7.75% total strain). The relative contribution of twinning is <20%. After the compressive loads, the predicted twin volume fraction is $0.14, close to that observed ($0.16).
Numerical results obtained at the different scales of the material show the relevance of this approach for hcp polycrystals.
Conclusions
The mechanical behaviour of a commercially pure titanium alloy was studied during uniaxial loading, taking into account the initial texture, the elastic and plastic anisotropies, slip and twin processes, work-hardening behaviour and texture evolution.
The present study highlights the usefulness of polycrystal models to explore the active deformation mechanisms in hexagonal alloys and the role that these mechanisms play in the global behaviour. To understand how internal strains evolve for textured material, a consistent data set (15 different reflections measured along the straining and TD for seven macroscopic prestrains) concerning the behaviour of a group of grains from a representative volume was obtained. These neutron experiments provide a comprehensive data set for testing the scale transition model developed for this study.
The choice of hai slip as the main mechanism to accommodate plastic deformation can correctly explain the experimental strain values for the plane families studied. The model provides excellent results in predicting the macroscopic stress-strain curve. These predicted results were obtained for one single set of slip modes and hardening parameters, although it is not possible to consistently reproduce all the details of the residual lattice strain evolution, especially in the TD. The observed lattice strain relaxation in the {00.2} // orientations highlights the need for improvements to the twinning model in the future. The EPSC models are reasonably successful at reproducing the observed behaviour, but do not provide a complete description of the micromechanics of these materials, especially stress relaxation in twinning parent grains and the newly formed twin grains at the onset of twinning.
